The swirling flows of water and CTAC (cetyltrimethyl ammonium chloride) surfactant solutions (50-1000 ppm) 
Introduction
Drag reduction is a flow phenomenon in which the addition of small amount of drag reducers to a fluid causes a reduction in the turbulent friction compared with the pure fluid at the same flow rate. There are mainly two different kinds of drag reducers: polymers and surfactants. For polymer solutions, it has been found that after a period of running, the solution loses its drag-reducing ability. However, this mechanical degradation was not found for surfactant solutions. Therefore, surfactants have been of special interest in recent drag-reducing studies. Dilute surfactant solutions have been found to significantly reduce turbulent friction drag ͓1-3͔. Li et al. ͓1͔ and Yu et al. ͓2͔ reported a 70%-80% turbulent drag reduction ͑DR͒ by use of a very dilute cetyltrimethyl ammonium chloride ͑CTAC͒/sodium salicylate ͑NaSal͒ aqueous solution having surfactant mass concentrations of only 30 and 75 ppm, indicating that this surfactant is a very promising dragreducing additive. It is generally considered that the DR phenomenon is caused by the viscoelasticity of the surfactant solution ͓4-8͔. Therefore, rheological measurements can be used for screening an effective drag-reducing surfactant within a measurable range. However, Li et al. ͓1͔ showed that the elasticity of the CTAC solutions is so small that the rheometers could not provide reliable data for the first normal stress and storage modulus. Therefore, the challenge to be addressed is how to determine a surfactant solution with small viscoelasticity having DR ability. From an economic consideration, the amount of the testing surfactant should be as small as possible. Siginer and co-workers initiated an idea of using the free surface shape of a viscoelastic swirling flow to generate information of the constitutive equation for the viscoelastic liquid ͓9-13͔. In the present study, we attempt to solve this problem by using a swirling flow to observe and analyze the effect of the drag-reducing surfactant solution on the vortex inhibition and relate this to the screening of effective low viscoelastic drag reducers.
Swirling flows exist in many areas of engineering and have been widely studied for a number of decades. Experimental observations and/or measurements of Newtonian swirling flows generated in a closed cylindrical container by rotating the disc and/or cylindrical wall have been reported by Bien and Penner ͓14͔, Hill ͓15͔, Escudier ͓16͔, Fujimura et al. ͓17͔, and Ogino et al. ͓18͔ . An extension of the confined swirling flow to non-Newtonian fluids that have high shear-thinning properties and varying degrees of elasticity has been reported by Bohme et al. ͓19͔, Day et al. ͓20͔, Escudier and Cullen ͓21͔, Xue et al. ͓22͔, Bowen et al. ͓23͔, and Siginer ͓24͔. To separate elasticity from shear thinning, Stokes et al. ͓25, 26͔ reported the confined swirling flow of non-Newtonian fluids that have varying degrees of elasticity with constant shear viscosity. Arora et al. ͓27͔ investigated the influence of CTAC on closed turbulent swirling flows and observed enhancement in the radial and tangential mean velocities for CTAC solutions compared to that for water swirling flow. Studies of free surface swirling flows in containers are scarce compared to the closed swirling flows. Goller and Ranov ͓28͔ dealt with the transient Newtonian flow in an open rotating cylindrical container and Spohn ͓29͔ observed the vortex breakdown of the swirling flow in an open cylindrical container with a rotating bottom. Their results showed that the free surface flows differed greatly from the closed container flows. Bohme et al. ͓30͔ further studied the open cylinder with rotating bottom disc for a shear-thinning elastic liquid and a constant-viscosity elastic liquid. Reverse flow with a bulge in the free surface was observed at a low Reynolds number. Siginer and co-workers carried out a series of studies experimentally and theoretically on viscoelastic swirling flows with free surface ͓9-13,31-33͔.
The Reynolds numbers in all of the aforementioned studies on free surface swirling flows were not high ͑less than 10,000͒. It is well known that the rotation of the fluid can cause a deformation of the free surface proportional to the Froude number and that the Quelleffekt can be generated by the elasticity of the fluid in swirl-ing flows capped by a free surface ͓30͔. Therefore, the elasticity of the fluid may be recognized by comparing the degree of the free surface deformation under the same conditions. For the surfactant drag-reducing flow in application, the mass concentration is usually below 1000 ppm and the viscosity is not high ͑usually in the range of 0.001-0.1 Pa s at room temperature͒. At a low Reynolds number, the Froude number is usually negligible, which results in a very small deformation of the free surface, and thus a comparison between the Newtonian flow and elastic flow shows no obvious differences. A very high Reynolds number is necessary for showing a clearly visible difference. The vortex motion for a higher Reynolds number is not yet clear, especially for nonNewtonian flow in an open cylinder. In the present study, the swirling flows of water and CTAC surfactant solutions at a high Reynolds number in an open cylindrical container with a rotating disc at the bottom were experimentally investigated by use of a double-pulsed PIV ͑particle image velocimetry͒ system. The secondary flow in the meridional plane of the cylinder and the radial distribution of the tangential velocities were measured to analyze the primary vortex motion in the tangential direction and the secondary vortex motion in the meridional plane. Measured also were the swirl decay time ͑the time between the stopping of the disc rotation and the cessation of the solution movement before recoil͒ and the tangential velocity evolution after the rotating disc was stopped.
Experimental
Test Facility. The experimental setup is shown in Fig. 1 . A glass cylinder having an inner radius of 70 mm was nearly submerged in a cubic water bath constructed from flat transparent perspex walls 130 mm in side length. The purpose of the external water bath was to reduce optical distortion caused by the curved surfaces of the cylinder. A rotating circular disc having a diameter of 65 mm and a thickness of 8.5 mm was placed at the bottom of the cylinder. The water bath was fixed on the surface of a digital hot plate/stirrer and the temperature of the water bath was controlled by use of the heating function of the hot plate/stirrer. The temperature probe of the hot plate/stirrer was inserted into the water bath and the test fluid temperature was measured with a digital thermometer before the PIV measurements. The temperature of the water in the water bath and that of the test fluid in the test vessel were both kept at a constant of 25°C. A magnet bar ͑8 ϫ 55 mm 2 ͒ was embedded into the rotating disc and the rotational speed was controlled by the magnetic force from the hot plate/stirrer acting on the magnet bar. The axis of the cylinder and the center of the disc were carefully adjusted to align with that of the hot plate/stirrer ͑magnetic center͒. The hot plate/stirrer was mounted on a flat stage that could be moved back and forth with an accuracy of 0.1 mm.
Working Fluids. Water and surfactant solutions were used for the test. The surfactant was cetyltrimethyl ammonium chloride ͑CTAC͒. Sodium salicylate ͑NaSal͒ was selected as the counterion. The surfactant solution was prepared by adding the same mass concentration of surfactant and counterion to the desired amount of distilled water. The surfactant concentration was marked by the concentration of CTAC, and three mass concentrations of 50, 200, and 1000 ppm were tested.
The test fluid was filled into the glass cylinder up to a height H equal to the inner radius of the cylinder, R w , and thus the aspect ratio of the fluid height to radius, H / R w , was fixed to unity in the present experiments. The shear viscosities of the three kinds of surfactant solutions at 25°C were also measured in the shear rate range of 10-100 s −1 by use of an ARES rheometer equipped with a double-wall Couette cell.
The Reynolds number and the elasticity number ͑the ratio of elastic to viscous time scales͒ of the fluid in the present study are defined as
where 0 is zero-shear viscosity and G is the relaxation time in the Giesekus model. Shear viscosity , which is a function of shear rate ␥ , is evaluated by assuming shear rate ␥ equal to the angular velocity . The elasticity of the CTAC solutions in the present study is so small that the rheometers could not provide reliable data for the first normal stress and storage modulus. However, our ARES rheometer was able to provide accurate measurements of the shear viscosity data. For evaluating the elasticity of the three surfactant solutions, the relaxation times were extracted by fitting the measured shear viscosity curves to the Giesekus model ͓34͔ instead of the Maxwell relaxation time used by the other researchers ͓20,21͔. Figure 2 shows the least square fitting results of the measured shear viscosities of three surfactant solutions with the Giesekus model. ␣ shown in the legend indicates the mobility factor in the Giesekus model. It appears that the Giesekus model can describe their shear viscosity characteristics Transactions of the ASME well. Table 1 lists the values of 0 , G , Re 0 , Re, and E for water and the three CTAC solutions. The elasticity number indicates the elasticity effect against the inertia effect. The Froude number indicates the gravity effect against the inertia effect and is defined as
In the present study, the Froude number is 4.80, which is large for generating a sizeable deformation of the free surface against the gravity effect in Newtonian swirling flow.
PIV Measurement. The secondary flow pattern in the meridional plane and the tangential velocities were obtained by use of a PIV system consisting of a double-pulsed laser, laser sheet optics, charge-coupled device ͑CCD͒ camera, timing circuit ͑TSI Model 610032͒, image-sampling computer, and image-processing software ͑TSI Insight ver. 3.3͒. The double-pulsed laser ͑New Wave Research Co., Ltd., MiniLase-II/20 Hz͒ is a combination of a pair of Nd-YAG lasers, each having an output of 25 mJ/ pulse and a maximum repetition rate of 20 Hz. By changing the combination of cylindrical lenses, the laser sheet thickness can be modified from 0.14 to 0.6 mm and the beam spread angle from 4.3 to 13.3 deg. The timing circuit communicates with the CCD camera and computer and generates pulses to control the doublepulsed laser. The CCD camera used ͑PIVCAM, 10-30, TSI Model 630046͒ has a resolution of 1280ϫ 1024 pixels.
The meridional plane of the swirling flow was illuminated by the double-pulsed laser for measurement of the secondary flow pattern. The tangential velocities were also measured by illuminating the vertical planes parallel to the meridional plane at eight equally spaced radial locations as shown in Fig. 1 . The flat stage could be controlled to move back and forth to obtain the desired vertical cross section for illumination and measurement. The interrogation area was set at 32ϫ 32 pixels ͑with 50% overlap in each direction͒ for velocity vector analyses. PIV images were acquired for 1000 dual frames ͑2000 double-exposed PIV photographs͒ for the meridional plane measurements and 100 dual frames for the other measurements. Due to the presence of the cubic water tank, the optical distortion caused by the cylindrical wall was negligible up to a radius of 0.9R w . The photograph acquisition rate was 8 Hz, indicating that the velocity field was recorded at 4 Hz. The tracer particles used to seed the flow were acrylic colloids 1 -4 m in diameter. The particle concentration was adjusted so that on average at least ten particle pairs were observed in an interrogation window for each case. After a vector field was calculated by interrogating a dual frame, TSI Insight software was used to validate it and remove any erroneous velocity vectors that might have been incorrectly detected during interrogation due to random noise in the correlation function. Empty data cells ͑holes͒ that appeared after the removal of erroneous velocity vectors were filled using a FOR-TRAN program created by interpolation of neighboring velocity vectors.
Results and Discussion
Figures 3͑a͒-3͑d͒ respectively show the secondary flow patterns in the meridional plane for water, CTAC 50 ppm, CTAC 200 ppm, and CTAC 1000 ppm. The experimental conditions can be seen in Table 1 . The vectors shown in Fig. 3͑d͒ are enlarged to three times the size of those in Figs. 3͑a͒-3͑c͒ . Since the flow at the high Reynolds number in the present study is an unsteady one, the results shown are the average of the instantaneous velocities obtained from 1000 dual frames in the measurements. The average of 100 dual frames shows the same secondary flow pattern, indicating the statistically stationary nature of the swirling flow. It is well known that for Newtonian swirling flows at a low Reynolds number, the inertia-driven vortex plays a dominant role in the meridional plane. Centrifugal forces cause the fluid to flow radially outwards along the rotating disc, and then the flow is deflected upward along the cylindrical wall. At the free surface, the flow bends towards the center and turns downward to finish its path of circulation. However, the flow pattern in the meridional plane for water at the present high Reynolds number differs significantly from that at low Reynolds numbers, and the inertiadriven vortex is pushed to the corner between the free surface and cylindrical wall by a large counter-rotating vortex. It is considered that the vortex breakdown phenomenon leads to the appearance of the counter-rotating vortex. According to the observations conducted by Spohn et al. ͓29͔ on vortex breakdown in an open cylindrical container with a rotating bottom, there is no upper Reynolds number limit at which breakdown disappears, which is very different from the observations of the closed cylindrical container flow conducted by Escudier ͓16͔ in which the breakdown bubbles disappear beyond a certain Reynolds number. The breakdown bubble increases in size with increasing Reynolds number. Therefore, it is supposed that the large counter-rotating vortex is the breakdown bubble. From our numerical calculations ͓35͔, we also found the existence of the counter-rotating vortex at a large Reynolds number and the inertia-driven vortex is pushed toward the cylindrical wall. For the case of CTAC 50 ppm as shown in Fig. 3͑b͒ , the size of the counter-rotating vortex becomes smaller and the size of the inertia-driven vortex increases but the intensity decreases compared to the water case. The size increase of the inertia-driven vortex is probably caused by the decrease of the free surface deformation. With further increasing surfactant concentration up to 200 ppm as shown in Fig. 3͑c͒ , the counter-vortex disappears and the inertial-driven vortex decreases in both size and intensity. This is probably due to the large decrease of local Reynolds number and the competing interaction between elasticity and inertial force, which weakens both the inertia-driven and breakdown vortices. For the CTAC 1000 ppm surfactant solution flow, the inertia-driven vortex locates near the disc-wall intersection whereas an elasticity-driven reverse vortex governs the majority of the flow field. However, the vortex intensity is much smaller compared to that in the water flow case. This differs from a closed disc-cylinder system, in which a large Re and small elasticity number produce Newtonian-like characteristics in the secondary flow in the meridional plane. Figure 4 shows the free surface shapes for water and surfactant swirling flows. The free surface shapes were also averaged over 1000 frames. We can see that the height of the dip, h, at the center of the free surface ͑the maximum deflection of the free surface from the horizontal at the central axis͒ is much smaller for surfactant solutions than that for water and decreases slightly with increasing surfactant concentrations ͑elasticity numbers͒. The concrete value of h / H is listed in Table 2 . In the present study, although the elasticity number is very small, the elasticity still plays an important role in the shape of the free surface and the secondary flow pattern. Since the local Reynolds number for CTAC 50 ppm is very close to that of Newtonian fluid flow, we do not consider the decrease of the dip to be due to the decrease of the local Reynolds number. The decrease of h / H with elasticity number is the so-called Quelleffekt ͓30͔. The sensitivity of the free surface deformation with small elasticity in the open swirling flow may be used as a simple method for the evaluation of DR ability instead of the rheology measurement. A critical value of h / H may exist for the judgment of the lowest viscoelasticity for the onset of DR to overcome the difficulty in screening effective drag reducers by use of a rheometer for the low viscoelasticity case.
To testify this conjecture, we measured the free surface shapes of another three CTAC surfactant swirling flows with low mass concentrations of 25, 30, and 40 ppm, respectively. Figure 5 shows the relationship of h / H with mass concentration C m . Our measured drag reduction data of CTAC/NaSal surfactant flow in a two-dimensional channel flow at a Reynolds number of 4.3 ϫ 10 4 for different C m are also shown in this figure. The values of h / H and DR are the same as that of water for C m ഛ 30 ppm. At a critical value of C m = 40 ppm, the value of h / H decreases suddenly and the value of DR jumps from 0 to about 60%. This suggests that the viscoelasticity of a 40 ppm CTAC surfactant solution is a critical value for the onset of drag reduction at a Reynolds number of 4.3ϫ 10 4 , and this critical viscoelasticity can be represented indirectly by the corresponding value of h / H in a free-surface swirling flow. Since the elasticity of the CTAC solutions is small, we did not observe the appearance of a bulge around the center of the free surface even for the 1000 ppm surfactant solution. However, when we inserted a rod into the center of the swirling flow of the 1000 ppm surfactant solution, we found the rod-climbing Weissenberg phenomenon.
Figures 6͑a͒-6͑d͒ show the radial distributions of the reduced tangential velocities averaged over 100 dual frames. The experimental conditions are listed in Table 1 . The correlation lines are also shown by use of a least square fitting method. For the water case, the tangential velocities increase rapidly with increasing r / R w up to 0.46, decrease gradually with further increasing r / R w up to 0.80, and then increase again to a second peak adjacent to the cylindrical wall, whereas for the surfactant solutions, the tan- Transactions of the ASME gential velocities increase gradually in the radial outward direction except in the region near the periphery of the rotating disc where the tangential velocities decrease for CTAC 50 ppm and CTAC 200 ppm and increase rapidly for CTAC 1000 ppm. The position of the maximum tangential velocity appears to move outward with increasing surfactant concentration. For the water case, the tangential velocity distribution is different from the numerical calculation at a low Reynolds number ͓35͔ in which the tangential velocity increases monotonically in the radial direction to a peak near the cylindrical wall. From the secondary flow pattern shown in Fig. 3͑a͒ , we can see a very intensive inertia-driven vortex in an anticlockwise direction which may intensify the momentum change in the radial direction and then smear the peak near the cylindrical wall. This is may be the reason that the maximum tangential velocity appears at r / R w = 0.46 instead of a place near the cylindrical wall for low Reynolds numbers. Figure 7 shows the vertical tangential velocity profiles along r / R w = 0.46. It can be seen that a large gradient of the tangential velocities exists near the rotating disc. In the region away from the bottom, the velocities for water, CTAC 50 ppm, and CTAC 200 ppm show uniform distribution, which agrees with the wellknown Taylor-Proudman theorem, whereas the velocities for CTAC 1000 ppm decreases from z / H = 0.53 to 0.63 and then levels off. Since the Taylor-Proudman theorem assumes that the inertial term and viscous term in the Navier-Stokes equation in a rotating reference frame are much smaller compared to the Coriolis acceleration term and the reduced pressure gradient term including the centrifugal acceleration and the body force, the swirling flows of water and the surfactant solution with low effective viscosities may satisfy the Taylor-Proudman theorem, whereas that of the surfactant solution with high effective viscosities may not obey it. The tangential velocities are lower than that of water and decrease with increasing elasticity number. Combining this with Figs. 3͑a͒-3͑d͒, we can see that the elasticity leads to a weak motion of the swirling flow in both the tangential direction and the meridional plane. This is considered to be due to the addition of elastic dissipation compared to the Newtonian swirling flow in which the main dissipation is viscous dissipation. The viscoelastic dissipation of the swirling flow can be estimated by the following expression:
where V is the volume of the swirling flow domain. The measured tangential velocities were interpolated or extrapolated for the dissipation calculation with Eq. ͑3͒. The ratio of the solution flow dissipation to the water flow dissipation is listed in Table 2 . We can clearly see that the dissipation is larger for the surfactant solutions and increases with increasing surfactant concentration. Therefore, the weakening of the secondary motion and decrease of the tangential velocities with elasticity number further supports the observation that the elasticity in the surfactant solutions plays an important role. Our numerical simulations ͓35͔ also show the same phenomenon of elasticity weakening the swirling flow. For a laminar swirling flow at low Reynolds numbers, the dissipation obtained from Eq. ͑3͒ equals the input power for the rotation. If the input torque is measured, the effective shear viscosity of the surfactant solution may be obtained. The momentum equation in the radial direction can be expressed as
where N 1 = − rr and N 2 = rr − zz are first and second normal stresses, respectively. We consider that the swirling flow near the cylindrical wall has a large shear rate of ␥ r = r͑‫ץ‬ / ‫ץ‬r͒͑U / r͒ for resulting in large N 1 and N 2 . The relationship between the first and second normal stresses and shear rate can be expressed as
where 1 and 2 are first and second normal stress coefficients, respectively, and can be expressed by the Giesekus model as ͓36͔
where
and
Then we have
In our present study, the mobility factor ␣ has a very small value of 0.003, so N 2 is very small compared to N 1 and can be neglected here. For the case of CTAC 1000 ppm, the free surface is almost flat, so we can further assume that the variation of pressure in radial direction can be neglected. Therefore, from Eq. ͑4͒ we can see that the competition between first normal stress N 1 and inertial force term U 2 determines the appearance of inertia-driven and elasticity-driven vortices. Figure 8 shows the ratio of N 1 to U 2 along an axial line of r / R w = 0.91 adjacent to the cylindrical wall for the 1000 ppm surfactant solution. It can be seen that for z / H Ͻ 0.6, U 2 is larger than N 1 to generate an inertia-driven vortex, whereas for z / H Ͼ 0.6, N 1 is larger than U 2 to generate an elasticity-driven vortex. This theoretical analysis agrees with the secondary flow pattern shown in Fig. 3͑d͒ where an arrow indicates the place of z / H = 0.6 adjacent to the cylindrical wall.
It is generally considered that the swirling flow of viscoelastic solution moves in the opposite direction of the rotation after the outer force is removed and the swirl decay time ͑SDT͒ can be used to identify the viscoelasticity. In this study, the SDT was measured as the difference between the time at which the rotating disc was stopped and the time when the solution stopped before starting to recoil by use of a stopwatch. The SDT was measured three times and the average values were used as the experimental data. Recoil was observed for all three surfactant solutions and Table 2 lists the measured SDT values. We can see that the SDT decreases with surfactant concentration, indicating that the viscoelasticity increases with surfactant concentration. This is consistent with the results of the elasticity numbers listed in Table 1 and further supports that the decrease of h / H with surfactant concentration is caused by viscoelasticity of the solution. The evolution of the tangential velocities of the solution was also measured after the rotating disc was stopped. Figure 9 shows the time evolution of the normalized tangential velocities for CTAC 50 ppm at z / H = 0.70 and r / R w = 0.11, 0.46 and 0.80. The time was obtained from the photograph acquisition rate and the sequence numbers of the dual frames of PIV images. We can clearly see the decrease of tangential velocity with the elapse of time and the solution started to recoil with the velocity becoming negative at t = 12 s. This time agrees with the SDT measurements listed in Table 2 . Since the velocity at the larger radius is large for easy recognition, in the SDT measurements the recoil process was assumed to start when the solution at the outer radius was observed to start to move in the opposite direction. As expected, the tangential velocity decreases with decreasing r / R w . The surfactant solution stopped its motion after about 30 s relative to the start-up time of recoil, and the time is shorter for the higher surfactant concentrations. Figure  10 shows the time evolution of the normalized tangential velocities for CTAC 50 ppm at r / R w = 0.80 and z / H = 0.01, 0.42, and 0.70. We can see that there is no great axial-direction dependence of the tangential velocity during the vortex decay and recoil period except at z / H = 0.01 where the effect of the stationary disc results in a smaller tangential velocity. 
